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Abstract

Two-photon microscopy (2PM) has become a gold standard for deep-tissue observations in the living animal as

well as on thick samples. Using 2PM, the endofluorescence properties of biomolecules have shown an interest-

ing potential for the imaging of tissues without any staining. In this short communication, we report a method

to observe the different layers of mouse small intestine explants with subcellular resolution and without any

staining or clearing. This method allows rapid observations of samples with little to no preparation thanks to

the endofluorescence properties of biomolecules such as NAD(P)H or flavins and second-harmonic generation.

Finally, we show different three-dimensional reconstructions of the mouse small intestine anatomy obtained

with this approach to show the potential of this method in morphological studies.

Key words: endofluorescence imaging; intestine histology; second-harmonic generation; two-photon

microscopy.

Introduction

Over the past 20 years, two-photon microscopy (2PM) has

become a powerful tool for the investigation of biological

phenomenon in and ex vivo (Denk et al. 1990; Helmchen &

Denk, 2005). Its high spatial (< 1 lm) and temporal (less

than a second to acquire a 512 · 512 pixels image) resolu-

tion enable subcellular observations on various samples

from tissue slices to whole living organisms.

One of the biggest challenges during the microscopical

examination of biological samples is to obtain the best con-

trast between the different parts of an organ or the various

compartments of a cell. With 2PM, such contrast enhance-

ment can be obtained using three different approaches: (i)

with fluorophores that specifically bind structures of inter-

est or fill the lumen of an organ [e.g. rhodamine-

conjugated dextrans to label the blood stream (Ricard et al.

2009)]; (ii) using second-harmonic generation (SHG), a

non-linear phenomenon allowing the detection of non-

centrosymmetric molecules such as type I and III collagen or

myosin (Mohler et al. 2003); (iii) using the fluorescent prop-

erties of endogenous biomolecules such as NADP(H) or

flavins (endofluorescence phenomenon) (Zipfel et al. 2003;

Zoumi et al. 2004). These last two approaches are of partic-

ular interest for histology as they require no staining of the

samples and can be accomplished in a short time.

The small intestine is responsible of the absorption of

nutrients and acts as a barrier in between the environment

and the organism. Its wall is made of four different layers.

Starting from the lumen is the mucosa, a columnar epithe-

lium organized in villi and crypts. The villi are made of

polarized enterocytes with a dense brush border at their

apical side and mucus-secretory cells called goblet-cells. At

the bottom of the crypts, granule-rich cells and stem-cells

are present. The next layer is the submucosa, a collagen-rich

connective tissue, followed by the muscularis, a circular and

longitudinal layer of muscle fibers, and, finally, the serosa

(Junqueira & Carneiro, 1980).

Many papers have described the advantages of the two-

photon ⁄ endofluorescence approach for various organs

(Zoumi et al. 2004; Li et al. 2009; Parra et al. 2010) but to our

knowledge high-resolution three-dimensional imaging of

small intestine morphology using the endofluorescence

properties of biomolecules and SHG without any clearing

treatment have never been reported. Clearing protocols aim

to make tissues transparent to allow a better penetration of
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photons and to reduce light scattering using various chemical

compounds such as 1 : 2 benzyl alcohol to benzyl benzoate

(BABB) or SCALE (Parra et al. 2010; Hama et al. 2011). How-

ever, these protocols require long processing times, which

can cause significant delays.

In the present short communication we report the setup

and parameters to image mouse intestinal ring morphology

with subcellular spatial resolution and without any staining.

A special emphasis is placed on the discrimination of the

various cell types encountered from the bottom of an intes-

tinal crypt to the top of an intestinal villus. Finally, we show

that this method is suitable for making three-dimensional

reconstructions of intestinal structures based on endofluo-

rescence and SHG image stacks.

Materials and methods

Microscopy setup

Experiments were conducted on an inverted Zeiss LSM510 con-

focal microscope equipped with a Maı̈-Taı̈ ⁄ DeepSee femtosec-

ond laser (with prechirp). All observations were done with a

non-descanned configuration. Briefly, the incident laser beam

was reflected on an HFT KP 650, passed through an NDD KP 685

and the objective. The emitted light was epi-collected and

reflected by the NDD KP 685. Two different setups are then

available: (i) whole signal, where the whole emitted light is

collected on a Photo-Multiplier Tube (PMT) (wavelengths rang-

ing from 370 to 685 nm) and (ii) endofluorescence and SHG,

where the emitted light is split by a dichroic mirror (R405;

Semrock, Rochester, MN, USA) and collected on two PMTs

(wavelengths of 399–410 nm for the SHG signal, with a

FF01-406 ⁄ 15 filter in front of the PMT, and 420–685 nm for the

endofluorescence signal).

Animal care guidelines

All experimental procedures were performed in accordance with

the French Government guidelines for the care and use of labo-

ratory animals (licenses 380702 and D-13-055-21).

Sample preparation and observations

Mice were sacrificed by cervical dislocation and the small intes-

tine was removed, washed in phosphate-buffered saline (PBS;

Gibco) and stored in a 3% paraformaldehyde solution. Prior to

observations, 2–3-mm-thick transversal sections of the intestine

were cut with a blade. The intestine rings obtained were placed

in a glass-bottom Petri dish and immersed in PBS. Image acquisi-

tion was performed with the Zeiss LSM 4.2 SP1 software and a
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Fig. 1 Excitation spectra for endofluorescence acquisition. (A) The intensity of the endofluorescence signal of enterocytes on a fixed intestinal

villus was measured at various excitation wavelengths ranging from 720 to 960 nm (blue line and circles). The endofluorescence intensity was

normalized to a constant laser excitation power (red line and squares). (B) Representative image of a region of interest where the spectral

measurements were performed. (C) Intensity of the endofluorescence signal on a fresh intestinal villus. Scale bar: 20 lm. Laser power: 0.92 mW

at 810 nm; pixel time: 1.77 ls; average: 8; setup#1 whole signal.
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40X ⁄ 1.2NA water-immersion objective (Zeiss), spectra collection

was done with a dedicated macro (Excitation Finger Printing).

Post-treatment was done with Zeiss LSM IMAGE BROWSER version

4.2.0.121, Zeiss Zen2009 and IMAGEJ version 1.42. For acquisitions

on fresh samples, the same protocol was used except the fixa-

tion step in 3% paraformaldehyde solution was not performed.

Acquisition parameters are displayed in the legend of the

figures.

Results

To determine the optimal excitation parameters, the endo-

fluorescence excitation spectrum of the intestinal mucosa

was measured under various two-photon excitation wave-

lengths ranging from 720 to 960 nm. Characteristic excita-

tion spectra of fixed and fresh tissues are depicted in Fig. 1

for measurements made on a villus (Fig. 1B). Similar spectra

were obtained on crypts (data not shown). As the power

delivered by the femtosecond laser is not constant and var-

ies as a function of the wavelength used, the endofluores-

cence excitation spectrum of the intestinal villus was

normalized to a constant excitation laser power (Fig. 1A,C).

On fixed samples, the excitation peak is centered on 760–

770 nm but there is an intense signal observed at 730–

810 nm. On fresh tissues, the excitation peak is centered on

730–740 nm but there is an intense signal at 720–780 nm.

The different parts of the intestinal wall were observed

on fixed tissues under an 810-nm excitation wavelength

allowing the collection of SHG signals around 405 nm with

our filter set. High-resolution images of the different layers

of the intestinal wall were obtained (Fig. 2). The acquisition

of z-stacks allowed the three-dimensional reconstruction of

the structure of intestinal crypts (Fig. 3A, Supporting Infor-

mation Video S1) and intestinal villi (Fig. 3B, Supporting

Information Video S2). With a constant laser excitation

power (around 1 mW at the objective, see figure legends),

a maximum depth of 100 lm can be achieved. However,

deeper structures may be observable by increasing laser

power.

Discussion

Two-photon microscopy is widely used in the field of

gastro-intestinal physiology (Tutsch et al. 2004; Bao et al.

2009) and many papers have enlisted the use of the endo-

fluorecence properties of biomolecules in epithelia to

obtain contrasted images without any staining (Zheng et al.

2008; Li et al. 2009; Parra et al. 2010). Rogart et al. (2008)

reported that the mucosa of different parts of the gut can

be imaged with this method using specimens from unfixed

human biopsies. They have also shown an excitation peak

centered around 735 nm (Rogart et al. 2008). This excitation

peak is similar to the one we have found on fresh intestinal

tissue. However, the peak moves to 765 nm when the

sample is fixed with paraformaldehyde. As a consequence,

endofluorescence imaging can be performed on both fresh

and fixed tissues, but the excitation wavelength has to be

modified according to the status of the sample. Intravital

imaging may be possible provided the development of

surgical protocols. Parra et al. (2010) reported observation

depths of 1.7 mm with a 4·, 0.28 NA objective after a
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Fig. 2 Morphological images of the small intestine. (A) Junction of an

intestinal crypt (c) and two intestinal villi (v). Endofluorescence signal

(grey level) allows the individualization of the cells (e.g. goblet cells,

arrow) and the observation of subcellular structures such as the brush-

border (arrowhead). The SHG signal (green) enables the visualization

of the submucosa (sm). (B) The four layers of the intestinal wall were

observed with endofluorescence signal (grey level) and SHG imaging

(green). Two intestinal crypts with many zymogen-rich granules can

be seen at the base of the mucosa (m), an intense SHG signal arises

from the submucosa (sm). The two parts of the muscularis can be

clearly defined [the circular (mu-c) and the longitudinal (mu-l) layers,

respectively]. Finally, the thin serosa (s) shows both endofluorescence

and SHG signals. (C) Endofluorescence image of enterocytes on an

intestinal villus. Note the brush-border (arrowhead), the nuclei of cells

(n) and the lower endofluorescence intensity between cells. (D,E) xy

sections of enterocytes on an intestinal villus at different levels. At the

apical side (D), the junctions in-between cells show a low

endofluorescence signal. Goblet cells (arrow) can also be observed. On

the basal side (E), nuclei of enterocytes can be seen but the borders

between the cells is not obvious. Scale bar: 20 lm. Laser power:

1.1 mW (A), 0.71 mW (B), 0.92 mW (C–E); pixel time: 0.89 ls (A),

1.35 ls (B), 3.2 ls (C–E); average: 8 (A), 4 (B–E); setup#2

endofluorescence and SHG (A,B), setup#1 whole signal (C–E).
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clearing protocol involving fixation, dehydration and incu-

bation with 1 : 2 benzyl alcohol to benzyl benzoate (BABB).

To make their observations, they used an excitation wave-

length of 740 nm. The imaging depth reached with this

method is deeper than ours; however, the clearing

approach requires a longer preparation of the sample (more

than a day vs. 10 min for our protocol).

In the present paper, we have shown that 3D imaging

and topographic reconstructions of mouse small intestine

crypts and villi are possible with a submicrometric resolution

and using only the endofluorecence and SHG signals. Up to

now, 3D imaging of the small intestine with 2PM was

mainly reported after staining of structures with dyes (e.g.

Phalloidin-TexasRed; Appleton et al. 2009) or after clearing

(Parra et al. 2010). To the best of our knowledge, 3D images

of intestinal mucosa using endofluorescence and without

any clearing were only reported in term of orthogonal sec-

tions with poor spatial resolution. Topographic images

were not shown.

Our approach combines numerous advantages: low laser

power excitation, no staining, no clearing, reduced proce-

dures for sample preparation, high spatial and temporal

resolution and may be applied to many areas from funda-

mental studies on cell polarity to biomedical applications.
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A B

Fig. 3 3D imaging of an intestinal crypt and a villus. (A) 3D reconstruction of two intestinal crypts (greyscale: endofluorescence; green: SHG)

made from a stack of 51 images with a z-spacing of 1 lm. (B) 3D reconstruction of the topography of an intestinal villus made from a stack of 61

images with a z-spacing of 1 lm. A and B are images extracted from Videos S1 and S2, respectively. Laser power: 0.71 mW (A), 0.92 mW (B);

pixel time: 1.35 ls (A), 3.2 ls (B); average: 4 (A, B); setup#2 endofluorescence and SHG (A), setup#1 whole signal (B) (Video S1, Quicktime, 1.6

MB; Video S2, Quicktime, 2.2 MB).

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

3D imaging of small intestine morphology, C. Ricard et al.282



Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Video S1 and S2. 3D imaging of an intestinal crypt and a villus.

As a service to our authors and readers, this journal provides

supporting information supplied by the authors. Such materials

are peer-reviewed and may be re-organized for online delivery,

but are not copy-edited or typeset. Technical support issues aris-

ing from supporting information (other than missing files)

should be addressed to the authors.
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